We studied the interactions of strychnine, brucine, and three of the N-substituted analogues of brucine with [
operativity, in which the compound bound to the receptor but did not modify the affinity of acetylcholine, provides the opportunity for a novel form of drug selectivity that we refer to as absolute subtype selectivity: an agent showing positive or negative cooperativity with the endogenous ligand at one receptor subtype and neutral cooperativity at the other subtypes would exert functional effects at only the one subtype, regardless of the concentration of agent or its affinities for the subtypes. Our results demonstrate the potential for developing allosteric enhancers of acetylcholine affinity at individual subtypes of muscarinic receptor and suggest that minor modification of a compound showing positive, neutral, or low negative cooperativity with acetylcholine may yield compounds with various patterns of cooperativity across the receptor subtypes.
Muscarinic acetylcholine receptors couple to G proteins and are distributed widely throughout the periphery and central nervous system (Caulfield, 1993) . The existence of five receptor subtypes, and their differential distribution in the central nervous system, offers scope for selective agonists and antagonists as therapeutic agents; possible therapeutic targets are Alzheimer's disease, Parkinson's disease, and schizophrenia (Ehlert et al., 1994; Yeomans, 1995) . Currently available muscarinic drugs, however, show only modest subtype selectivity, perhaps because of the strong conservation of sequence in regions considered to bind agonists (Hulme et al., 1990) .
Muscarinic receptors contain primary sites at which agonists and competitive antagonists bind and one or more allosteric sites that mediate the effects of various agents on the binding of ligands at the primary site (Tucek and Proska, 1995; Birdsall et al., 1996; Trä nkle and Mohr, 1997) . Gallamine, a widely used neuromuscular blocking agent, also is the prototypical muscarinic allosteric antagonist, and it seems to act at a common site with other allosteric antagonists, such as obidoxime, tubocurarine, and methoctramine (Ellis and Seidenberg, 1992; Waelbroeck, 1994) . Antagonists acting wholly or in part through an allosteric mechanism are among the most subtype-selective muscarinic antagonists, perhaps because the allosteric site is in a less well conserved region of muscarinic receptors (Matsui et al., 1995; Tucek and Proska, 1995; Birdsall et al., 1996) .
Allosteric action at muscarinic receptors usually is detected through the effect of an agent to inhibit the dissociation of radioligands, and compounds with such effects have almost always been found to act as inhibitors in equilibrium binding or functional studies (Tucek and Proska, 1995) . The report of Tucek et al. (1990) provided the first clear demonstration that allosteric agents could exert positively cooperative effects at muscarinic receptors and provided a striking example of the importance of the receptor subtype and nature of the primary ligand on the direction of the cooperative interaction. These authors found that alcuronium, another neuromuscular blocking agent, increased the affinity of the antagonist radioligand [ 3 H]NMS at M 2 receptors but reduced it at M 3 receptors; moreover, although alcuronium increased the binding of [ 3 H]NMS at M 2 receptors, it inhibited the binding of another antagonist radioligand, [
3 H]QNB, at the same receptor subtype. There is no obvious physicochemical characteristic of the different antagonist radioligands to account for their differing cooperative effects with alcuronium (Hejnova et al., 1995) .
The observation that alcuronium increased the affinity of [ 3 H]NMS at m2 receptors implied that it might be possible to develop agents that could enhance the affinity of the endogenous neurotransmitter ACh at the m1 receptor. Strychnine, a glycine receptor antagonist and starting material in the synthesis of alcuronium, also increases the affinity of [ 3 H]NMS at m2 receptors Proska and Tucek, 1995) and has only ϳ2-fold negative cooperativity with ACh at m1 receptors . N-Substituted analogues of strychnine show various patterns of positive and negative cooperativity with [ 3 H]NMS, but none increased the affinity of ACh (P. Gharagozloo, S. Lazareno, A. Popham, and N. J. M. Birdsall, in preparation) .
One of our research aims has been to find compounds that are positively cooperative with ACh at one or more muscarinic receptor subtypes. We describe here the characterization of the allosteric binding properties of brucine (10,11-dimethoxy strychnine; Fig. 1 ) and three N-substituted analogues at the human muscarinic receptor subtypes. All compounds showed neutral or positive cooperativity with ACh at one or more receptor subtype. ACh affinity was increased 3-fold at m3 receptors by CMB, 2-fold at m1 receptors by brucine, and 1.4-fold at m4 receptors by BNO.
Experimental Procedures

Materials. [
3 H]NMS (84-86 Ci/mmol) was from Amersham International. [ 3 H]ACh (75-85 Ci/mmol) was from Amersham International and ARC (St. Louis, MO). Strychnine HCl, brucine sulfate, and ACh chloride were from Sigma Chemical (Poole, Dorset, UK). BNO hydrate was from Aldrich Chemical (Poole, Dorset, UK). The preparation of the other N-substituted brucine analogues will be described elsewhere (P. Gharagozloo, S. Lazareno, A. Popham, and N. J. M. Birdsall, in preparation) .
Cell culture and membrane preparation. Chinese hamster ovary cells stably expressing cDNA encoding human muscarinic m1-m5 receptors were generously provided by Dr. N. J. Buckley (University College London, London, UK). The cells were grown in ␣-minimum essential medium (GIBCO, Paisley, Scotland) containing 10% (v/v) newborn calf serum, 50 units/ml penicillin, 50 g/ml streptomycin, and 2 mM glutamine at 37°under 5% CO 2 . Cells were grown to confluence and harvested by scraping in a hypotonic medium (20 mM HEPES plus 10 mM EDTA, pH 7.4). Membranes were prepared at 0°by homogenization with a Polytron homogenizer (Brinkmann Instruments, Westbury, NY) followed by centrifugation (40,000 ϫ g, 15 min), washed once in 20 mM HEPES plus 0.1 mM EDTA, pH 7.4, and stored at Ϫ70°in the same buffer at protein concentrations of 2-5 mg/ml. Protein concentrations were measured with the BioRad (Hemel Hempstead, UK) reagent using bovine serum albumin as the standard. The yields of receptor varied among batches but were ϳ5, ϳ1, ϳ7, ϳ2, and ϳ1 pmol/mg of total membrane protein for the m1, m2, m3, m4, and m5 subtype, respectively.
Radioligand binding assays. Unless otherwise stated, frozen membranes were thawed; resuspended in a buffer containing 20 mM HEPES, 100 mM NaCl, and 10 mM MgCl 2 , pH 7.4; and incubated with radioligand and unlabeled drugs for 2 hr at 30°in a volume of 1 ml. Membranes were collected by filtration over glass-fiber GF/B filters (Whatman, Maidstone, UK) presoaked in 0.1% polyethylenimine with a Brandel cell harvester (Semat, Herts, UK), extracted overnight in scintillation fluid (ReadySafe; Beckman, Columbia, MD), and counted for radioactivity in Beckman LS6000 scintillation counters. Membrane protein concentrations (5-50 g/ml) were adjusted so no more than ϳ15% of added radioligand was bound. Nonspecific binding was measured in the presence of 10 Ϫ6 M QNB (an antagonist with picomolar potency) and accounted for 1-5% of total binding. GTP was present at a concentration of 2 ϫ 10 Ϫ4 M in assays containing unlabeled ACh. Binding of [ 3 H]ACh (5-10 nM) to m2 and m4 receptors was measured in a volume of 250 l after a 1-hr incubation. Data points usually were measured in duplicate. Chinese hamster ovary cell membranes do not possess cholinesterase activity (Lazareno and Birdsall, 1993; Gnagey and Ellis, 1996) , so ACh could be used in the absence of a cholinesterase inhibitor. Most brucine analogues were dissolved in dimethylsulfoxide, which at the highest final concentration of 1%, had no effect on binding. CMB was dissolved in water, and BNO was dissolved in buffer.
Experimental design and data analysis. The four types of assay used in this study are described below, and the equations shown are based on equations derived previously . General data preprocessing, as well as the affinity ratio calculations and routine plots of the semiquantitative equilibrium assay, were performed using Minitab (Minitab Ltd., Coventry, UK). The other three assays were analyzed with nonlinear regression analysis using the fitting procedure in SigmaPlot (SPSS, Erkrath, Germany). This procedure is relatively powerful in that it allows the use of two or more independent variables (e.g., concentrations of two drugs); this is required for the analysis of the quantitative equilibrium and nonequilibrium assays. Unless otherwise stated, data are presented as mean Ϯ standard error.
Semiquantitative equilibrium assay to estimate cooperativity between an agent and both [ 3 H]NMS and unlabeled ACh and affinity of the agent for the receptor. Binding data were obtained with a low concentration of [ 3 H]NMS (0.2 nM for m1, m3, and m4 receptors; 0.4 nM for m2 receptor; 0.7 nM for m5 receptor) in the absence and presence of a number of concentrations of the agent (typically three) in the absence and presence of a fixed concentration of ACh (20 M for m1 and m3 receptors; 2 M for m2 receptor; 5 M for m4 receptor; 13 M for m5 receptor). The binding of a high concentration of [ 3 H]NMS alone (2-5 nM) also was measured. The data were transformed into affinity ratios [ratios of apparent affinity of the ligand ([ 3 H]NMS or ACh) in the presence of the agent compared with the affinity of ligand alone ].
The calculations are as follows. Specific binding was obtained by subtracting nonspecific from total binding. Free radioligand (dpm) was obtained by subtracting total binding with [ 3 H]NMS alone from that with added dpm.
The B max value was calculated with the equation 
where B LX is specific binding in the presence of test agent alone. The apparent affinity constant, K AX , of ACh in the presence of the test agent alone was estimated with the equation
where A is the fixed concentration of ACh, and B LAX is specific binding in the presence of both ACh and test agent. These apparent affinities, K LX and K AX , were divided by the "true" affinities (measured in the absence of test agent) to obtain the affinity ratios of [ 3 H]NMS and ACh. Values of affinity ratio of Ͼ1 suggest the presence of positive cooperativity. Values of affinity ratio of Ͻ1 for which the asymptotic value, at high concentrations of agent, is Ͼ0 suggest weak negative cooperativity, whereas values of affinity ratio of Ͻ1, which tend to an asymptote of 0, suggest strong negative cooperativity or a competitive interaction. This affinity ratio measure is in principle independent of the fixed concentrations of [ 3 H]NMS and ACh, and the fractional effect of the test agent on the affinity ratio, relative to its maximal effect, corresponds to the fractional occupancy of the agent for the receptor in the absence of other ligands .
The assay was conducted in the presence of 2 ϫ 10 Ϫ4 M GTP to minimize high affinity ACh binding. Nevertheless, the Hill slopes of ACh inhibition curves under these conditions were Ͻ1 (ϳ0.8 -1) at all subtypes, which violates one of the assumptions of the analysis (that the Hill slope of ACh binding is 1). Although this violation may introduce a small quantitative error into the estimates of ACh affinity, the value of the affinity ratio of ACh can be shown to be independent of the slope of ACh binding (see Appendix).
Off-rate assay to estimate affinity of an allosteric agent for the [ 3 H]NMS-occupied receptor. A high concentration of membranes (2-4 mg of protein/ml) was incubated with a high concentration of [ 3 H]NMS (5 nM) for ϳ15 min. Then, 10-l aliquots were distributed into tubes that were empty or contained 1 ml of 10 Ϫ6 M QNB alone and in the presence of a number of concentrations of allosteric agent (typically four). Nonspecific binding was measured in separately prepared tubes containing 10 l of membrane and 2 l of [ 3 H]NMS plus QNB. Later (ϳ2.5 dissociation half-lives; see Table 2 ), the samples were filtered. The data were transformed to rate constant k off using the formula k off ϭ ln(B 0 /B t )/t, where B 0 is initially bound radioligand, and B t is bound radioligand remaining after time t (min of dissociation). These values were expressed as percentage of inhibition of the true [ 3 H]NMS dissociation rate constant (k off in the absence of allosteric agent) and fitted to a hyperbolic function using nonlinear regression analysis. The curves were well fitted with slopes fixed at 1; the observed maximum inhibition was not consistently different from 100% and was usually fixed to 100%, but these points were not investigated explicitly. As with strychnine at m1-m4 receptors , the dissociation of [ 3 H]NMS from m2 receptors in the absence and presence of various concentrations of brucine was monophasic and consistent with the allosteric model (data not shown). With the assumption of a similar behavior by brucine and its analogues at all the muscarinic receptors, the inhibition curves correspond theoretically to the occupancy curves of the allosteric agents at the [ 3 H]NMS also was measured, allowing the B max value to be estimated using eq. 1. The specific binding data were subjected to nonlinear regression analysis using the equation 3 H]NMS kinetics sufficiently to prevent binding equilibrium from being reached, and in these cases the data were better fitted to the equation 3 H]NMS. Kinetic-slowing effects in set A tubes are seen as an increase in binding above the equilibrium level, whereas the equivalent effect in set B tubes is seen as decreased binding. The data for both sets of tubes were analyzed simultaneously through nonlinear regression by fitting the specific binding data to eq. 5 with A set to zero. B L 0 is the initial level of binding: for prelabeled membranes of set A tubes in the presence of 50 times the final radioligand concentration, L, the initial binding is given by
and for the initially unlabeled membranes of set B tubes, B L 0 ϭ 0. In some cases, in the presence of zero and low concentrations of allosteric agent, binding was slightly different (Ͻ5%) between the two sets of tubes. This was assumed to reflect differences in the B max values, and probably the quantity of membranes, in the two sets of tubes. In such cases, the data of the set B tubes were scaled using data obtained with inactive concentrations of allosteric agent.
The precision with which the parameters are defined by the data depends on the size of the allosteric effect of the test agent; if the agent has neutral or low cooperativity with 
Results
Allosteric agents affect both the equilibrium binding of labeled and unlabeled muscarinic ligands and the dissociation of bound radioligand, and the two effects can be related using a ternary allosteric model . We initially assessed compounds with a semiquantitative equilibrium assay ( Fig. 2 ) and a single-time point off-rate assay (Fig. 3 ). 3 H]NMS binding in the absence and presence of unlabeled ACh (i.e., an increase at m2 receptors and a decrease at m3 receptors), but the effects of N-benzyl brucine on the binding of unlabeled ACh itself are not clear based on the plots of raw data shown in Fig. 2A . When the data are transformed to affinity ratios ( Fig. 2B) , however, it becomes apparent that N-benzyl brucine decreased the binding of unlabeled ACh at m2 receptors over a similar concentration range and to a similar extent with which it inhibited [ 3 H]ACh binding at m2 receptors; at m3 receptors, in contrast, N-benzyl brucine increased the binding of unlabeled ACh. Semiquantitative estimates of the cooperativity of N-benzyl brucine are presented in Table  1 , together with data for other brucine analogues (see below).
In addition to its effects on the equilibrium binding of Table 2 shows affinity estimates at [ 3 H]NMS-occupied m1-m5 receptors for brucine and three analogues obtained with the off-rate assay. Data also are shown for strychnine. In general, the compounds did not discriminate among m1, m2, and m4 receptors but were ϳ10-fold weaker at m3 receptors and even weaker at m5 receptors. Brucine was ϳ3-fold less potent than strychnine, except at m3 receptors, where it was 10-fold less potent. The N-chloromethyl and N-benzyl analogues of brucine had similar affinities to the parent, whereas brucine-N-oxide was ϳ10-fold less potent.
Three compounds that revealed different patterns of positive cooperativity with ACh in the semiquantitative equilibrium assay were selected for more detailed study, both to confirm and quantify the allosteric effects and to assess quantitatively whether the equilibrium and kinetic effects of the compounds were mutually consistent with the ternary allosteric model. Brucine, CMB, and BNO were studied using two types of assay: a nonequilibrium and an equilibrium assay. The parameter estimates for these compounds and for strychnine from both types of assay are summarized in Tables 3-6.
The nonequilibrium assay is based on the fact that the effect of these agents to slow Fig. 4 shows data from such an assay with CMB at m1-m4 receptors. It is clear that at high concentrations of CMB (Ն0.3 mM for at m1, m2, and m4 receptors; Ն1 mM for at m3 receptors), the inhibition of Tables 3-6 show that for each compound, the two types of assay yielded similar estimates of the affinity of the agent for the free receptor and its cooperativity with [ 3 H]NMS; the 12 values of the difference between the mean log affinity estimates for the free receptor from the two types of assay in and these estimates from the two types of assay are in good agreement with each other and with the corresponding values measured directly in the off-rate assay (Table 2) . Table 1 shows a semiquantitative description of the coop- With regard to ACh, the degree of cooperativity across subtypes showed the general pattern m3 Ͼ 1 Ͼ m4 Ն m1 Ͼ m2 ϭ m5. ACh affinity was enhanced ϳ2-fold by brucine at m1 receptors, ϳ1.5-fold by BNO at m4 receptors, and 3-fold by CMB and BNO (and to a lesser degree by N-benzyl brucine) at m3 receptors. There were two instances of neutral cooperativity: with BNO at m1 receptors and CMB at m4 receptors. All the compounds were negatively cooperative to some degree with ACh at m2 and m5 receptors. Strychnine was negatively cooperative with ACh at all subtypes. Brucine and N-benzyl brucine had positive cooperativity at one subtype and negative cooperativity at the remainder, but the subtype supporting positive cooperativity was m1 with brucine and m3 with N-benzyl brucine. These results indicate that brucine and some analogs show a wide range of patterns of negative, neutral, and positive cooperativity with ACh across the receptor subtypes. Each compound has a unique pattern of cooperativity, and there is no significant correlation between cooperativity with 
Discussion
Strychnine and brucine are alkaloids isolated from Strychnos nux-vomica, which bind to glycine receptors with K d values of ϳ10 and ϳ140 nM, respectively (Mackerer et al., 1977; Marvizon et al., 1986) . These alkaloids allosterically inhibit glycine binding (Marvizon et al., 1986) , which presumably accounts for their convulsive effects in mice (Mackerer et al., 1977) . Brucine also has been reported to have other effects that presumably are unrelated to glycine receptors (Squires and Saederup, 1987; Ebihara and Akaike, 1992; Farrington et al., 1994) . The results reported here demonstrate that brucine also acts at an allosteric site on the muscarinic m1 receptor, at which it binds with a K d value of ϳ30 M and increases the affinity of ACh by ϳ2-fold. The Tables 3-6 . Values for N-benzyl brucine were derived from results with the semiquantitative equilibrium assay together with the results of the off-rate assay, each with at least two experiments. The logic for analyzing these results is described in the Appendix. m1 m2 m3 m4 m5
Cooperativity with [ 2-4-fold positive cooperativity observed here between brucine analogues and ACh at certain muscarinic receptors is similar in magnitude to the positive cooperativity between therapeutically effective benzodiazepine tranquilizers and GABA at GABA A receptors (Ehlert et al., 1983) This is the first report of agents that enhance ACh affinity through a well defined allosteric interaction at the muscarinic receptor [while this manuscript was in review, Jakubik et al. (1997) reported studies of allosteric effects of brucine and other agents on the binding of ACh and other agonists at muscarinic m1-m4 receptors]. The binding of a different muscarinic agonist, [
3 H]oxotremorine-M, was slightly enhanced by tubocurarine (Waelbroeck et al., 1988) , an agent that binds allosterically to muscarinic receptors and has low negative cooperativity with [ 3 H]NMS (Waelbroeck, 1994 ); it has not been possible, however, to repeat this observation using different batches of tubocurarine (Lazareno S, unpublished observations; Waelbroeck M, personal communication) . The binding affinity of muscarinic agonists also can be increased with divalent cations (reviewed in Birdsall and Hulme, 1989) and by the sodium channel activator batrachotoxin (Minton and Sokolovsky, 1990) .
We studied the allosteric interactions of brucine and some of its N-substituted analogues with [ 3 H]NMS and unlabeled ACh at muscarinic receptors by using a novel and efficient semiquantitative equilibrium assay. This assay was sufficiently sensitive to allow us to detect the small (Յ2-fold) degree of positive cooperativity between brucine and ACh at m1 receptors. Considered in conjunction with the results of an assay to measure effects of the agent on radioligand dissociation, the semiquantitative equilibrium assay can indicate both the affinity of a test agent and its allosteric effect on an unlabeled compound (e.g., the endogenous agonist of the receptor). Factors affecting the precision of this assay and logical considerations associated with interpretation of the results are discussed in the Appendix.
The results of these and other assays with strychnine, brucine, and three N-substituted brucine analogues at the five muscarinic receptors (m1-m5) showed some clear patterns as well as a rather interesting lack of pattern. All the compounds showed similar patterns of subtype selectivity at [ 3 H]NMS-occupied (and free) receptors, with similar affinities at m1, m2, and m4 receptors and ϳ10-fold lower affinities at m3 and m5 receptors. Log affinity values of the three well characterized brucine analogues at unliganded m1 receptors ranged between 4.6 and 3.4.
In contrast to this consistent pattern with respect to affinity, the compounds showed very different patterns of allosteric interaction with 3 H]NMS and negative cooperativity with ACh, and three of five compounds showed neutral or positive cooperativity with ACh at m3 receptors. Overall, however, each compound showed a unique pattern of cooperativity with respect to each primary ligand across the receptor subtypes, which presumably reflects the small differences in the effect of the chemical substitution on the affinity of the agent for the free and liganded receptor; a 2-fold difference in affinity in either direction is difficult to measure directly or predict, yet gives rise to the qualitatively different effects of positive or negative cooperativity. These results suggest that minor 3 H]NMS binding assay. The data were analyzed and interpreted using the ternary allosteric model of allosteric action, in which both the primary ligand and the allosteric agent can bind simultaneously to the receptor, and the binding of one type of ligand to the receptor alters the affinity of the other type of ligand. Overall, the internally consistent results provide support for the ternary allosteric model as the mechanism underlying the observed phenomena.
Although this model adequately accounts for the current data, some other, more complex, models also should be considered. For example, receptors may be considered to be free or coupled to G proteins and/or in inactive or active states, with agonists having higher affinity for the G protein-coupled receptor and/or for the active receptor state (Lefkowitz et al., 1993 ). An allosteric agent might modulate agonist affinity differentially at the free and coupled receptor and/or at the inactive and active states. In addition, the allosteric agent may itself differentially recognize free/coupled and/or inactive/active receptor states. Such effects could lead to changes in both the efficacy and apparent affinity of the agonist. These more complex models may prove to be useful in future studies and may be required to account for the direct agonist-like effects observed with some allosteric agents (Jakubik et al., 1996) .
The fact that an allosteric agent can show neutral cooperativity with ACh suggests that allosteric agents may display a novel form of receptor subtype selectivity that we refer to as absolute subtype selectivity, which is in contrast to the relative selectivity shown by directly acting agonists and antagonists. A directly acting ligand may have relative selectivity for one receptor subtype by virtue of a higher affinity for that subtype: such selectivity must be large for it to be useful, both therapeutically and as a pharmacological tool. Nevertheless, however large the selectivity of the ligand, a sufficiently high concentration will occupy all the receptor subtypes. An allosteric agent that shows positive or negative cooperativity with the endogenous ligand at one subtype and neutral cooperativity at the other subtypes will show absolute selectivity. Such an agent will modulate the binding of the endogenous ligand at a single receptor while having no effect at the other receptors, even though the agent itself may bind to those other receptors. This selective action would be independent of both the magnitude of the positive or negative cooperativity at the single subtype and of the affinities of the agent for all the receptor subtypes, and selective action would be maintained regardless of the concentration of the allosteric agent.
Allosteric enhancers of endogenous ligand affinity are quite well known with respect to ion channel-coupled receptors [e.g., at GABA A receptors (Macdonald and Olsen, 1994) , H]NMS (0.2 nM for m1, m3, and m4 receptors; 0.4 nM for m2 receptors; 0.7 nM for m5 receptors) was measured, after a 3-hr incubation, alone and in the presence of six concentrations of ACh, alone, and in the presence of three concentrations of brucine. The data are the mean and range/2 of duplicate measures from a single assay. The data at m1, m2, m3, and m5 receptors were fitted to the equilibrium allosteric model (eq. 4 in Experimental Procedures) using nonlinear regression analysis. The data with m4 receptors were fitted to the nonequilibrium allosteric model (eq. 5) with the dissociation rate constant of [ (Hollmann and Heinemann, 1994) , strychnine-sensitive glycine receptors (Mascia et al., 1996) , P2X purinoceptors (Pintor et al., 1996) , and nicotinic cholinergic receptors (Schrattenholz et al., 1996) ]. Among G protein-coupled receptors, only the adenosine A 1 receptor is known to have an allosteric site that supports positive cooperativity with the endogenous ligand (Kollias-Baker et al., 1994) . The current finding of positive cooperativity with the endogenous ligand at muscarinic receptors raises the possibility that other G protein-coupled receptors, perhaps including ␣ 2 -adrenergic, dopamine D 2 , and 5-hydroxytryptamine 1B/1D receptors (Nunnari et al., 1987; Hoare and Strange, 1996; Massot et al., 1996) , also may have such allosteric sites. Agents that are positively cooperative with the endogenous ligand might not be detected by most screening assays involving interactions with radiolabeled antagonists or action at the receptors in the absence of endogenous ligand. Because G protein-coupled receptors are the targets of many therapeutically effective drugs, the presence of allosteric sites on these receptors might allow the development of drugs with novel modes of action at known therapeutic targets.
In conclusion, brucine and some N-substituted analogs have been shown to enhance allosterically the affinity of ACh at muscarinic receptors by up to ϳ3-fold. Each compound showed a different pattern of cooperative interactions with ACh and [ 3 H]NMS across the receptor subtypes. In addition to positive and negative cooperative effects, in some cases the brucine analogues displayed neutral cooperativity with ACh (i.e., the analogue bound to the receptor but did not affect the affinity of ACh). An allosteric agent with positive or negative cooperativity with the endogenous ligand at one receptor subtype and neutral cooperativity at the other subtypes would have absolute subtype selectivity. The current findings suggest that it may be possible to develop highly receptor subtypeselective agents showing various patterns of cooperativity with the endogenous ligand across a range of receptor subtypes.
Appendix: Affinity Ratio Assay
The design of radioligand binding assays to screen for ligands that are competitive with the endogenous ligand is relatively straightforward because it can be assumed that the test agent will have the same effect on the binding of the endogenous ligand as it had on the binding of the radioligand. An allosteric agent, however, could well have different effects on the binding of different primary ligands, so screening assays must measure allosteric effects with the unlabeled endogenous ligand in competition with a radioligand and therefore are more complex. Quantitative results can be obtained from an assay that measures the effect of a range of concentrations of allosteric agent, each in the presence of a range of concentrations of the endogenous ligand, on the binding of a single concentration of radioligand, but this design is inefficient if accurate quantitative data are not required. The allosteric effect on the unlabeled ligand also may not be visualized easily against the background of the allosteric effect on the radioligand, so the assay requires relatively complex nonlinear regression analysis. For our experiments, the requirements were (1) an efficient assay that measured the effect of the test agent on the binding of a single concentration of radioligand in the absence and presence of a single concentration of unlabeled ligand, (2) that the effects of the test agent on the binding of the labeled and unlabeled ligands be displayed using a common measure, and (3) for simplicity that the results be calculated rather than estimated with nonlinear regression.
The semiquantitative equilibrium assay we devised (Lazareno and Birdsall, 1995) (the affinity ratio assay) has these properties, and the common measure used to express the effects of the test agent on the labeled and unlabeled ligands is the affinity ratio (i.e., the apparent affinity of the primary ligand in the presence of test agent alone divided by its true Nonspecific binding was not affected by brucine (data not shown) and was measured here in the absence of brucine. The data were fitted to the allosteric model, with the value of B max shared between all curves except in the presence of 0.3 mM brucine. To obtain well defined parameter estimates in this and similar experiments, it was necessary to fix the value of the log affinity of brucine at the [ 3 H]NMS-occupied m2 receptor to 4.59, the value obtained (Ϯ0.02) from five off-rate assays. The data point with 3 mM BNO was not included in the analysis. Inhibitory effects of BNO concentrations of Ͼ1 mM were seen in two other assays. In this assay, BNO increased binding by 93% with a Ϫlog EC 50 of 3.6. [ affinity measured in the absence of test agent). This measure is novel as far as we are aware and is identical formally to the reciprocal of the dose ratio measured in assays from which Schild plots are derived. We refer to the affinity ratio assay as semiquantitative because it allows approximate estimates to be made of the affinity of the test agent and its allosteric effects on the labeled and unlabeled ligands. This is achieved through visual inspection of the affinity ratio plots together with a logical consideration of the affinity ratio data in conjunction with the results of off-rate assays that measure the kinetic effects of the agent on radioligand dissociation. The logic assumes that the equilibrium and kinetic effects of the agent can be related to each other by the ternary allosteric model, in which the primary and allosteric ligands can bind simultaneously to the receptor and reciprocally affect the affinity of each other for the receptor .
In this appendix, we address four issues: (1) the theoretical effect on the value of the affinity ratio when the unlabeled ligand binds with a slope factor different from unity, (2) the variability of the assay, both within a single assay and between assays, (3) effects on the observed affinity ratios of the slowing of radioligand binding by high concentrations of allosteric agent, and (4) the logic with which the affinity ratio assay is interpreted in conjunction with the results from off-rate assays.
Effect of the Slope Factor of the Unlabeled Ligand on the Affinity Ratio
We demonstrated previously that the fractional effect of a particular concentration of allosteric agent on the affinity ratio of both the labeled and unlabeled ligands is independent of the concentrations of primary ligands and corresponds to the fractional occupancy by the allosteric agent of Values at m1-m4 receptors are from Lazareno and Birdsall (1995) .
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at ASPET Journals on November 7, 2017 molpharm.aspetjournals.org the free receptor. The affinity ratio plot therefore has an EC 50 or IC 50 value corresponding to the K d value of the allosteric agent and an asymptote corresponding to the cooperativity between the primary and allosteric ligands. These properties were derived with the assumption that both labeled and unlabeled ligands bound according to the law of mass action [i.e., with Hill slope factors of 1 ]. In practice, however, unlabeled agonists often inhibit radioligand binding with slopes of Ͻ1, even in the presence of GTP, and it is necessary to introduce an empirical slope factor into the mechanistic model used to analyze detailed assays with nonlinear regression. Here we show that the affinity ratio value calculated in the affinity ratio assay using a single concentration of unlabeled ligand is independent of the slope factor describing the binding of the unlabeled ligand.
In the ternary allosteric model, a receptor, R, has a binding site for a primary ligand, which is either a radioligand, L, or an unlabeled competitor, A, and a second binding site for an allosteric ligand, X. K L , K A , and K X are affinity constants for binding of the receptor with L, A, and X, respectively; and ␣ and ␤ are the allosteric constants of X with L and A, respectively (i.e., the affinity of L for the X-occupied receptor is ␣⅐K L and the affinity of X for the L-occupied receptor is ␣⅐K X , and similarly with A, K A , and ␤). A binds to R with a slope factor of n, and the receptor concentration is B max .
The specific binding of the radioligand in the presence of X is given by
The specific binding of the radioligand in the presence of A and X, B LAX , is given by
The apparent affinity of A in the presence of X, K AX , is calculated as
By substituting eqs. 7 and 8 into eq. 9, the apparent affinity of A in the presence of X is
and the apparent affinity of A in the absence of X is
The apparent affinity of A, which is measured with a single concentration of A, in both the absence and presence of X, therefore is a function of both [A] and n, as well as K A . The affinity ratio, however, is independent of [A] and n Affinity ratio of A ϭ
Variability in the Affinity Ratio Assay
Within-assay variability. Affinity ratios are calculated from a number of mean values, each measured with some degree of experimental error. It is useful to be able to see the standard error (square root of the variance) of calculated affinity ratios displayed on the affinity ratio plot, as shown in Fig. 2 . This is achieved using the equation
That is, the variance of a function of uncorrelated variables is approximately equal to the sum of the products of the variance of each variable and the square of the partial differential of the function (Colquhoun, 1971) . The variables used to calculate the affinity ratios, r L and r A , of the labeled and unlabeled ligand, respectively, are the mean values of specific radioligand binding alone, in the presence of test agent, unlabeled ligand, test agent plus unlabeled ligand, and a high concentration of radioligand alone, represented by L, X, A, Y, and H, respectively. The symbol q represents the ratio of the low and high concentrations of radioligand and is treated as a constant. For simplicity, the variability of nonspecific binding also is ignored. The equations defining r L and r A are
The partial differential equations are
These partial differentials, together with the experimentally measured variances of each variable, are inserted into eq. 13 to obtain an overall estimate of the variance associated with the calculated affinity ratios.
The affinity ratio assay also may be conducted without using a high concentration of radioligand but assuming a specified value for the affinity of the radioligand. In this protocol, the symbol p represents the product of radioligand 
The variances of the affinity ratios can be estimated using eq. 13.
Between-assay variability. As a screening assay, useful semiquantitative results should be obtained from a single assay using a limited range of concentrations of test agent. It therefore is important to assess the precision with which affinity ratios can be measured. The between-assay variability was assessed theoretically and experimentally.
Specific binding data from affinity ratio assays were simulated, in duplicate, with random error with a normal distribution and a standard deviation of 3%, the size of variability between duplicates that occurs typically in our assays. Fig.  10A shows affinity ratio plots obtained with various combinations of cooperativity values for the labeled and unlabeled ligands. The curves in each panel were derived from 100 simulated assays, and the error bars represent the standard deviation. The variability of the affinity ratio is related directly to its magnitude, and the variability of the affinity ratio of the unlabeled ligand is greater than that of the labeled ligand. With affinity ratios of Ͻ1, the points are sufficiently well defined to allow reasonable estimates of the IC 50 value, even with data from the unlabeled ligand. The simulation did not take into account variation in nonspecific binding and background radiation, which can lead to a larger variability in the affinity ratio of the unlabeled ligand when radioligand binding is inhibited strongly (data not shown). The variability of affinity ratios of Ͼ1 depends on the concentration of radioligand, with concentrations below the K d value providing the best precision (data not shown).
The consistency of affinity ratio plots across assays was confirmed experimentally. Fig. 11 shows combined data from four assays measuring affinity ratios of [ 3 H]NMS and four agonists in the presence of CMB at m2 receptors. CMB was positive with [
3 H]NMS and negative with ACh, as observed earlier; it also was negative with carbachol, slightly negative with oxotremorine, and neutral with pilocarpine. The standard errors derived from affinity ratios from four assays were small, as predicted with the simulations, and were similar to or smaller than the within-assay estimated standard errors (data not shown), except for oxotremorine, which in one assay showed the same pattern as in the other assays but displaced toward 1. In summary, the calculated within-assay standard error gives a reasonable impression of the reliability of the data, and the value of individual affinity ratios is consistent between assays. ]NMS binding will be a kinetic artifact, rather than a reflection of competition or negative cooperativity. We investigated the effect of kinetic artifacts on the observed affinity ratios of labeled and unlabeled ligands using simulation. Fig. 10B shows affinity ratios calculated from binding data simulated using eq. 5. Table 1 with benzyl brucine are scenarios consistent with the data from at least two affinity ratio assays.
Based on the off-rate assay with m2 receptors, N-benzyl brucine has a log affinity of 4.8 for the [ 3 H]NMS-occupied receptor, so kinetic artifacts are not expected with concentrations of Ͻ0.4 mM (given a [ 3 H]NMS dissociation half-time of 2 min from the m2 receptor). N-Benzyl brucine reduces ACh affinity by 50% at a Ϫlog concentration of ϳ4.4, so this is an estimate of its log affinity for the free receptor. NBenzyl brucine is positively cooperative with [ 3 H]NMS and has a log affinity of 4.8 at the [ 3 H]NMS-occupied receptor, so its affinity at the free receptor must be Ͻ4.8, which is consistent with the affinity of 4.4 estimated on the basis of its inhibitory potency. The estimated difference in affinity is 0.4 log units (2-3-fold), which agrees with the observed affinity ratio value of 2.5 with Table 1 . Inspection of the graph (Fig. 2B, m2 data) suggests that the asymptotic level of inhibition of ACh affinity is Ͼ0, which implies that N-benzyl brucine has low negative cooperativity with ACh. This cooperative interaction is shown symbolically as Ϫ in Table 1 . The fractional inhibition of the binding of a low concentration of [ 3 H]ACh by N-benzyl brucine at m2 receptors was very similar to its effect on the affinity ratio of unlabeled ACh in terms of both IC 50 value and the asymptotic level of inhibition, suggesting that the cooperative effect of N-benzyl brucine on ACh binding is similar at free and G protein-coupled m2 receptors.
At m3 receptors, N-benzyl brucine inhibits [ 3 H]NMS binding by 50% at a -log concentration of ϳ3.8. Because its log affinity at the [ 3 H]NMS-occupied receptor also is 3.8, the inhibition reflects negative cooperativity rather than a kinetic artifact; at a log concentration of Ϫ3.8, the binding kinetics of [
3 H]NMS would be only ϳ2-fold slower, and binding equilibrium would be attained. The negative cooperativity of N-benzyl brucine with [ 3 H]NMS, however, indicates that its affinity for the free receptor must be Ͼ3.8. This discrepancy can be accounted for if N-benzyl brucine has low Fig. 10 . Affinity ratio values calculated from simulated data. A, Predicted variability of affinity ratios. Data corresponding to specific binding data obtained empirically in an affinity ratio assay were generated using eq. 4, and normally distributed error with a standard deviation of 3% was added. Affinity ratios were calculated using eqs. 1-3. The radioligand concentration was set to the K d value, the fixed concentration of unlabeled ligand was the IC 50 value, and the affinity of the allosteric agent for the free receptor was 10 6 M Ϫ1 . Data are the mean and standard deviation of 100 curves. Where the cooperativity with labeled (␣) and unlabeled (␤) ligands is the same, only data of the unlabeled ligand are shown. B, Predicted kinetic artifacts when high concentrations of allosteric agent prevent radioligand binding from reaching equilibrium. Data corresponding to specific binding data obtained empirically in an affinity ratio assay were generated using eq. 5. The radioligand concentration was twice the K d value; the concentration of unlabeled ligand was the IC 50 ; the affinity of the allosteric agent for the free receptor was 10 Table 1 . N-Benzyl brucine increased the affinity ratio of ACh at m3 receptors by 1.7-fold at a log concentration of Ϫ4. Given the uncertainty concerning the affinity of N-benzyl brucine at m3 receptors and the accuracy of the affinity ratio data, it is not possible to predict the affinity ratio of ACh at concentrations of N-benzyl brucine of Ͼ10 Ϫ4 M, so the symbol ϩ is used in Table 1 to describe the positive cooperativity between N-benzyl brucine and ACh at m3 receptors, corresponding to the affinity ratio of 1.7 observed with the highest concentration used.
